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Abstract

Some aspects of the dynamics of aeolian transport over a flat sediment bed have been thoroughly investigated and are relatively

well understood. The interactions between grains in transport and the wind give rise to well-known dynamical scaling laws for

the fluxes and concentrations of grains in most of the transport layer. However, recent work has revealed a sudden shift in

these scaling laws near the granular surface and below. While the vertical flux of grains in the transport layer scale linearly

with excess wind shear stress, the vertical flux near the granular surface—the ‘erosion rate’—scales linearly with wind speed.

Analysis of numerical modeling results reveal that near-surface horizontal and vertical fluxes are important for the instability

that leads to wind ripple growth and stabilization as well as ripple propagation. A few main open questions are: What are the

physical mechanisms behind the scaling of the erosion rate with wind speed? Could they arise from the small subpopulation of

high-energy grains, who’s characteristics scale differently than the average grain in transport? As these grains move downward

from the free-wind layer, do they tend to retain their properties as they pass through the feedback layer, delivering their energy,

momentum and scaling directly to the bed? Do collisions between grains near and within the bed, which redistribute energy

and momentum from high-energy impacts, play a key role in determining the scaling of near-bed fluxes? How important are

potential collective effects that can occur when impacts with sufficient energy to excite the bed occur close together in time

and space? An answer to these questions would help complete our understanding of the physics of aeolian transport, with

repercussions that shed light onto the emergence and propagation of wind ripples. Using a detailed grain scale numerical

model, we are investigating the dynamics of grains near the granular bed, and what saltation properties drive these dynamics.

Preliminary results, including velocity distributions near the bed, indicate that the signal from high-energy grains that traverse

the feedback layer from above reaches the bed surface, consistent with the hypothesis that the surface erosion rate is related to

this small population of grains who’s characteristics scale with the free-wind speed.
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Vertical flux at the surface  (“b” for bed)


 “the erosion rate” suddenly scales 

differently

φb

 Erosion rate determines bed 

change & ripple dynamics! 

Need to understand anomalous 

scaling!

†

EROSION RATE SCALING DISCONTINUITY
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Further analyze bed flux dynamics

 rare, high energy events that drive bed flux 

 bed flux dependence on wind speed?


Ripples  bed flux makes flat bed unstable! Use this knowledge to 
further investigate ripple emergence/dynamics…

→
→

→
bed flux  scales with impact velocity  …


PARADOX:

over all impacts  constant! 


φb u↓

∑
impacts

→ φ↓⟨u↓⟩ . . . ⟨u↓⟩ ≈

φb ≁ φ↓

actually… bed flux causes impact fluxTransport layer


grain fluxes scale with excess shear stress  all particle quantities 

(velocities, hop lengths/heights)  constant with wind speed.

→

≈

Analysis 

 vertical bed flux per impact→
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How does impact flux cause bed flux?

…seems like a reasonable question
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rescaled shear stress

Θ =
ρf u2
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(ρp − ρf )gd [ fluid shear stress
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Focus: vertical flux

# grains crossing plane 

vertically 
 = “erosion”/“deposition” at surface

New point of view


impact flux  ejections


# ejections  potential energy?




From impact event 

geometry, we may expect:

(data not shown)
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bed flux cant scale linearly with impact flux
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observations  rarefied bed events→

Durán, Claudin, and Andreotti. PNAS (2014)

To investigate quantitatively the dynamical mechanisms lead-
ing to the ripple instability, we have also performed simulations
starting from a modulated bed whose topography follows a si-
nusoidal profile of given wavenumber k and of small initial
amplitude

!!Ẑ
!!ð0Þ. The phase and the modulation amplitude!!Ẑ

!!ðtÞ are measured as a function of time, by a simple Fourier
transform of the elevation profile at the wavenumber k. As
expected for a linear instability, the growth or the decay of the
disturbance can be fitted to an exponential of the form!!Ẑ
!!ðtÞ=

!!Ẑ
!!ð0Þeσt (Fig. S1), which gives the growth rate σ. The

resulting dispersion relation σðkÞ, obtained for each wind ve-
locity, is typical of a long-wave instability (Fig. 3A): small
wavenumbers (large wavelengths) are unstable (σ > 0), whereas
large wavenumbers (small wavelengths) are stable (σ < 0). The
most unstable mode, determined by the wavenumber that max-
imizes σ, coincides with the wavenumber 2π=λ of the pattern that
spontaneously emerges from a flat sediment bed.

Destabilizing Effect of Reptation. We have determined the contri-
bution of the grains in reptation to the growth rate by selecting
the grains with a hop height smaller than 3d and measuring the
difference between deposition and erosion rates. As shown in
Fig. 3B, we find that reptation has a destabilizing effect (σ > 0)
and contributes to σðkÞ linearly in k. The ratio σ=k is homoge-
neous to an erosion/deposition rate and has therefore the di-
mension of a velocity. This linear scaling in k must then originate
from a characteristic value of such a rate associated with repta-
tion. To determine it, we have measured the vertical flux density
profile φðzÞ, defined as the volume of the grains crossing a unit
horizontal surface at altitude z per unit time (SI Text). φðzÞ
systematically presents a maximum at the surface of the static
bed (Fig. S3), which defines the basal erosion/deposition rate φb.
The scaling properties of sand ripples directly originate from an
unexpected dependence of φb on the wind speed, which must
therefore be discussed in detail.
The vertical flux density profile φðzÞ reveals the existence of

a yet unnoticed interfacial layer separating the saltation zone
from the static bed (Fig. S3). In this layer, which is a few grain
sizes thick, the grain volume fraction is close to that of the static
bed, and midair collisions are frequent (27–30). As evidenced by
the large collision probability in this layer (Fig. S3A), only a small
fraction of the grains arriving from the upper transport layer
truly impact the static bed: most of them actually bounce back
before. Because of these collisions, the shear stress carried by the
grains is transferred from a kinetic form, i.e., a flux of momen-
tum associated with a particle flux, to a contact stress. As the
typical grain velocity in this layer is set by φb, the associated
collisional stress scales as ∼ ρpφ

2
b. In a situation of steady and

homogeneous transport, this stress must balance the grain-borne
shear stress in the upper transport layer, which scales with ρf and

with the square of the excess shear velocity δu= up − uth. The
basal erosion/deposition rate therefore varies as

φb ∼
ffiffiffiffiffiffiffiffiffiffiffiffi
ρf
#
ρp

q
ðup − uthÞ; [1]

in agreement with the numerical data computed with differ-
ent values of the ratios up=uth and ρp=ρf (SI Text) (Fig. 2B). This
scaling law is found to hold even close to the threshold (Fig. S3B),

A

B C

Fig. 1. Ripples emerging from a flat bed in a simulation ðu*=uth = 3Þ. (A) Large-scale view of the system composed of 45,000 grains in a quasi 2D xyz box of
respective dimensions 3,400  d × 1  d × 1,000  d. Periodic boundary conditions are used in the x (wind) direction. The results presented here are obtained for
a density ratio ρp=ρf = 500, a grain Reynolds number R=d=ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρp=ρf − 1Þgd

q
= 22 (ν is the air kinematic viscosity), and shear velocities in the range

u*=uth =1‒5. The colored background codes for the wind velocity; see wind profile (on the left). (B) Close-up view at the scale of the ripple wavelength,
featuring saltation trajectories, with hop height between 15 and 30d. The average resonant trajectory is shown in red. (C) Zoom at the level of the interfacial.
A collision between a grain in saltation (orange) and a grain in reptation (green) is sketched.
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Fig. 2. Selection of ripple wavelength and propagation speed. Blue circles,
data consistently deduced from the most unstable mode of the dispersion
relation and measured starting from a flat sand bed; red squares, experimental
data (8). (A) Ripple wavelength λ as a function of the wind shear velocity u*
(left axis). Yellow triangles, ratio of the saltation flux qs to the erosion/
deposition rate φb (right axis). (B) Propagation velocity c as a function of u* (left
axis). Yellow triangles, erosion/deposition rate φb, measured for many values of
density ratios ρp=ρf and grain Reynolds numbers Re (right axis). Dashed lines,
linear fits to the data. Statistical error bars are of the size of the symbols.

15666 | www.pnas.org/cgi/doi/10.1073/pnas.1413058111 Durán et al.
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